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SUMMARY 

Several methods of predicting the compressible -flow pressure 
loss across a baffled aircraft -engine cylinder were analytically 
related and were experimentally investigated on a typical air-cooled . * 
aircraft -engine cylinder. Tests with and without heat transfer / 
covered a wide range of cooling-air flows and simulated altitudes 
from sea level to 40,000 feet. 

Both the analysis and the test results showed that the method 
based on the density determined by the static pressure and the stag- 
nation temperature at the baffle exit gave results comparable with 
those obtained from methods derived by one-dimensional flow theory. 

The method based on a characteristic Mach number, although related 
analytically to one -dimensional flow theory, was found impractical 
in the present tests because of the difficulty encountered in 
defining the proper characteristic state of the cooling air. 

Although the cylinder -baffle resistance coefficient determined 
by the density method was consistent for a wide range of heat -transfer 
values, a distinct difference was observed between the values with 
and without heat transfer that could not be explained by one- 
dimensional flow theory. Accurate predictions of altitude pressure 
loss can apparently be made by these methods provided that they are 
based on the results of sea-level tests with heat transfer. 


INTRODUCTION 

The hl^ operating altitudes of both military and commercial 
aircraft have greatly Increased the severity of the engine air-cooling 
problem. The decrease of the density of the air with increased alti- 
tude necessitates the handling of a greater volume of air at higher 
velocities and, as a result, the flow of cooling-air within ithe fin 
passages attains high Mach numbers and a large decrease in the cooling- 
air density occurs across the engine. The pressure loss increases 
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vith Mach numhe-r and consequently a greater pressure drop is needed 
to force a given wel^t of cooling air across the engine at high 
altitudes than would be required for the same weight flow of air at 
lower altitudes. This additional pressure loss, which is a function 
of Mach number, constitutes the compressibility effect and becomes 
a serious factor at high altitudes and hl^ rates of heat transfer. 

It is important therefore to include the effect of Mach number in 
the prediction of cooling-air pressure-drop requirements at altitude. 

Several methods of eliminating the compressibility effects have 
been proposed (references 1 to 5) . In references 1 and 3 the air 
flow is assumed to be one -dimensional and two different solutions 
for determining the pressure drop are obtained. In references 2, 4, 
and 5, empirical solutions are presented. Each of the foregoing 
methods is apparently independent, however, and their interrelation 
has not been established. The tests of reference 2, which were made 
with a section of a cylinder barrel and which showed that the beat 
results would bo obtained by using one of the empirical factors, 
represent only an Idealized situation. Teats on an actual aircraft- 
engine cylinder are therefore necessary to examine more thoroughly 
the proposed solutions to the compressibility problem. 

The present investigation was conducted at the Cleveland labo- 
ratory of the NACA to evaluate by experimental data several methods 
of making compressible-flow pressure-drop predictions and to relate 
each method analytically by means of one -dimensional flw theory. 

The experimental work was done on a typical air-cooled cylinder 
enclosed in an air duct and mounted on a crankcase. The tests con- 
sisted in varying over a wide range the cooling-air pressure drop 
across the cylinder at cooling-air conditions that corresponded to 
altitudes varying from sea level to 40,000 feet. The tests were 
made both without engine operation and with the engine operating at 
several powers to determine the effect of heat transfer on cooling- 
air pressure drop. 


SYMBOLS 

The symbols used in this report are: 

A area, square foot 

Up ttg, coefficients in Maclaurin's series 

^2 

C3 - baffle-oxit pressuro-loas coefficient 
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C-n 

F 

friction -drag coefficient of fin-baffle passage 

pressure-drop coefficient of fin-baffle passage (includes 
pressure change at baffle exit and is equal to Cj) 
vhen this pressure change is negligible) ^i 

"P 

specific heat of air at constant pressirre. 0.24 Btu per 
TDOund per '■’F 

G 

cooling-air mass flow based on baffle free-flciw area^ 
slugs i)or second per square foot 

S 

acceleration of gravity, 32.2 feet per second per second 

H 

heat dissipated from cylinder to cooling air, Btu per 
pound 

J 

mechanical equivalent of heat, 778 foot-pounds per Btu 

K, C, m, 
n, S 

experimental constants 

L 

length of fin-baffle passage, feet 

M 

Mach number 

p 

static pressure, pounds per square foot 

<1 

dynamic pressure, pounds per square foot 

E 

universal gas constant 

Re 

Reynolds number 

T 

static air temperature, 

Th 

average cylinder -head temperature, ''^R 

Tm 

average cooling-air temperature in fin-baffle passage, 
XZ2 + T3)/2, °R 

T' 

ratio of cooling-air stagnation temperature rise across 
fin-b£iffle passage to static cooling-air temperature 
at baffle inlet, - T2 ')/'^2 
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V cooling-air velocity, feet per second 

W cooling-air weight flow, pounds per second 

X distance along fin-baffle passage measured from baffle 

inlet, feet 

7 ratio of specific heats for air, 1.395 

p cooling-air viscosity, pound -second per square foot 

p cooling-air density, slugs per cubic foot 

©2 angle between radius drawn to rear of cylinder and radius 

drawn to pressure -measuring station at baffle exit 

Og^y ratio of average cooling-air density to Army standard 

sea-level density 

Ap pressure drop from front to rear of cylinder, pounds per 

squeu^e foot 

AT cooling-air stagnation temperature rise across cylin- 

der. 

Subscripts: 

t cooling-air stagnation condition 

s cooling-air condition at sea level 

i cooling-air flow condition without heat 

o, X characteristic condition of cooling-air flow 

1 upstream of cylinder 

2 baffle inlet 

3 baffle exit 

4 downstream of cylinder 

h cylinder head 

b cylinder barrel 
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ANALYSIS 

The flow of air across a heated cylinder-baffle combination 
may be considered in thi’ee subordinate processes: (a) the flow 

into the fin-baffle passage (entrance process), (b) the flow through 
the fin-baffle passage (baffle flow process), and (c) the flow from 
the fin-baffle passage into the free stream (exit process). The 
flow into the fin-baffle passage is composed of the acceleration 
frcm the main stream to the baffle inlet during which the air 
receives some heat from the fins along the forward portion of the 
cylinder and incurs some pressure drop due to the friction loss 
along the fins and to the formation of the velocity profile. Local 
flow separation from the baffle wall probably occitrs just beyond 
the baffle inlet. The entrance process is considered to be complete 
when full flow within the fin-baffle passage has been reestablished, 
although the point where this process ends is not definite. 

The flow through the fin-baffle passage may be compared with 
that occurring in a bent channel in which the width approaches the 
radius of cr.rvatu-re in magnitude. A secondary flew noimal to the 
direction of the main flow develops and transports low-energy air 
toward the inside of the bend. The accumulation of the iow-energy 
air results in separation from the cylinder wall, usually before 
the baffle outlet is encountered. Separation will seriously modify 
the surface-friction coefficients of the channel. The flow is fur- 
ther complicated by the heat-transfer processes and by the irregular 
fin-baffle passages. The rate of heat transfer and the air flow are 
related through the mechanics of the boxindary layer. Furthermore, 
the air acceleration resulting from heat addition along the fin 
passage causes an additional pressure decrease along the channel. 

The flow of air from the baffle passage into the space down- 
stream of the cylinder consists in an abrupt expansion similar to 
that occurring for the flow through a channel of discontinuous cross 
section. Because of the separation of the flow within the baffle 
passage, the point at which the exit process begins is uncertain. 

It is known that little heat transfer takes place between the rear 
fins and the air leaving the baffle passage. 


One -Dimensional Flow-Theory Methods 

As a means of simplifying the analysis, the fin- baffle passages 
are assumed uniform in width and only the velocities in the main 
direction of flow are considered. The entrance process may then be 
assumed to consist in the addition of hoat at constant pressure at 
the front of the cylinder and the isontropic expansion from the front 
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of the cylinder to the baffle entrance. The relation between the 
pi’eseures at the front of the cylinder and at the baffle inlet can 
therefore be expressed 

rJL 

Pa ' -It C * 


or, in terms 


of the mass flow of cooling air, equation (la) gives 



(lb) 


The flow process through the fin-baffle passage can be repre- 
sented mathematically by the differential form of the momentum equa- 
tion modified to include the effect of friction. The rate of pressure 
drop along the channel is 


d(X) 2 d(j0 2 

~L L 


( 2 ) 


where the first term on the rx^t side of the equation represents 
the local pressure drop resulting from surface friction and the 
second term represents that diie to reaction resulting from the local 
change of air density. Because the equation is not an exact differ- 
ential, it is necessary to make either an assumption regarding the 
manner in which the heat is added to the air along the path or else 
to dutermine the ratio dp/p from the first law of thermodynamics in 
order that the equation be intograble. Two assumptions regarding the 
manner in which the heat is added lead to simple solutions: (l) the 

heat is added to the cooling air uniformly along the path (refer- 
ence 3), and (2) the heat is added so as to increase the local dynamic 
pressure uniformly along the path (reference l). 


For the first assumption equation (2) is integrated (reference 3) 
as 



in which the pressure ratio across the baffle passage P 3 /P 2 

determined implicitly. The pressure drop from the main stream to 
the baffle exit is therefore 
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Pi* 


- P3 = Pi, 


P 


2 

P-, P 
t 




V 


H - "t 
where P2/P1 obtained from equation (lb), 

\j 

The second assumption leads to the equation (reference 2) 


(4) 




/P- 


f 1 ) 4- 2 ( -- - 1 

2 VP3 / V^3 y 


(5) 


3y use of the first law of thermodynamics, equation (2) may 
also be integrated to give the familiar energy equation 

2 . r. V,- .. .. 

(6) 


‘2 

-T ^ 


7 ^2 , V3" 7 ^3 

7^ -p- - JgH = . -~y -~ 


Equations (S) and (6) can then be solved simultaneously with the 
continuity equation to give (reference 2) 



The density ratio from equation (7) when substituted in equation (5) 
yields the pressure drop across the baffle channel. The entire 
pressure drop is then obtained from equation (4). 

Inasmuch as equations (3), (5), and (7) all originate from 
equation (2) and differ only in the assumption regarding the manner 
in which heat is added to the cooling air, it might be expected that 
the value of the pressure drop calculated under either assumption 
will be api^roximately the same. The method using assumption (l) 
offers the simpler solution. 


In the case of an additional pressure recovery or loss at the 
baffle outlet, the pressure at the outlet and at the rear of the 
engine can be rolatod (reference 2) by means of the momentum equation 


P3 - P4 


■ - (C3 “ ^■3) 


sin e-.- -f 2 


'^4/ P4 


(e) 


The angle 0^ is usually small and is usually large compared 

with A3, The last two terms of equation (8) are consequently of 
secondary impoi'tance and may be neglected. Equation (8) then 
reduces to 
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P 


3 



= C-. 


^3 


(9) 


In most casss, however, when no attempt is made to recover any of 
the kinetic energy at the baffle outlet, the pressure change at the 
baffle exit may be entirely neglected. 


The foregoing methods of predicting pressure drop at altitude 
are complex and therefore other more simple solutions have been 
offered. Two such solutions make use of: (l) the density at the 

baffle exit (references 2, 4, and 5), and (2) a characteristic 
Mach mamber determined by a pressure and a temperature that exist 
at some i^oint along the flow path (reference 2) . 


Baffle -Exit Density Method 


A dimensional analysis of the factors which affect the pressure 
drop indicates that the pr;ss'iii*e-drop coefficient Ap/q^ for a cyl- 
inder depends upon the Euynolds number, the Mach mmiber, and the 
ratio of cooling-air-tomperature rise across the cylinder to the 
inlet cooling -air temperature. The pressure-drop coei’ficient may be 
written as 


or 


a 


= f (Re, M, 


AT\ 
T y 


2pAp 


V 


f ( Re, M, 


T ./ 


The tests of reference 2 show that, if the pres sure -drop coefficient 
is evaluated by means of the density at the baffle exit, the effect 
of Mach number will be reduced. A relation may be established 
between this simple baffle-exit density method and the more compli- 
cated one -dimensional flow theory. The development of this relation 
is established as follows: 


If equations (l) and (5) are combined, the pressure drop from 
the free stream to the baffle outlet can be expressed 





(10) 
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where 



2 

The ratio Ap/pj can therefore he expressed as a function of Mj . 

A Maclaurin expansion of the function Ap/p gives 

o 


2 


Ap ,, 2 „ /, 2^, 

— = Pg \M3 J 


P ^3^ 
n 


)■ 


( 11 ) 


The coefficients and are obtained from equation (10) 

by calculating the first and second derivatives of Ap/p^ with 
respect to and evaluating each derivative at Mt, = 0. The cal- 

culation of the first and second derivatives indicates that equa- 
tion (ll) is a rapidly convergent series and consequently the first 
term of equation (ll) gives a very close approx-lmation to one- 
dimensional flow theory. The first term gives results that differ 
from the results obtained by one -dimensional flow theory by not 
more than 5 percent when the exit Mach number is as high as 0.7. 

The value of the coefficient P-j^ is 


3 . = 


Z — 1. 

2 1 + T' 


1 + C 




2j 1’ 


and the series given by equation (11) can therefore be closely 
approximated as 


q^ 1 + T' 


1 4- C 



I 




( 12 ) 


Equation (12) indicates that the coefficient Ap/q^ is a function 
of only the heat dissipated and the drag coefficient. For the case 
of no heat transfer. T' = 0^ equation (12) becomes simply 



1 + C 



(13) 


The relation between the 
out heat transfer can be 


pressure -drop coefficients with and with- 
found, from equations (12) and (13), to be 
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^ 1 <- T'/2 3 T' 

^3 V^3>( ‘2 1 . T > 


(14) 


It therefore appears posaihle, in addition to correcting for com- 
pressihility effects, to obtain the pressure-drop coefficient 
Ap/q-^ on a cold cylinder and then to calculate the coefficient 
with heat transfer from equation (14). 


Characteristic Mach Number Method 


A second empirical method of eliminating compressibility effects 
uses a compressibility correction factor to relate the pressure drops 
for compressible and incompressible flow as 







where M^ is a Mach number characteristic of the flow at some point 
along the fin-baffle passage (reference 2). A relation between this 
method and one -dimensional flow theory also exists and can be shown 
as follows: If the Maclaurin expansion is developed in terms of a 

Mach number M^ characteristic of the flow at some point x along 
the fin-baffle passage, the following series results: 


^ = aj (M^)= + .... . (m/)“ .... ( 16 ) 

X 

2 

Equation (15) may be divided by and the resulting series 

inverted and squared to give 



where powers of greater than 2 are neglected. 

The square root of the foregoing equation is then 







(16) 


For the same air flow at sea level the characteristic Mach number 
is very small and 
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The definition of the characteristic Mach number can be chosen to 
make ~ El^^ation (17) then reduces to the form given in 

reference 2 


Pa ''P3 

Po V’ - 


(18) 


A method of trial and error must be used to determine from 
experimental data the characteristic Mach number for a particular 
cylinder-baffle arrangement in oi'der that equation (13) be valid. 
Squat ion (18) may be appl.ied analytically by using conditions at 
the baffle exit as those characteristic of the flow. Thus in equa- 
tion (17) 


and 


^2 ' 2 ^2 


In general, 


and therefore 



1 

2 



a, 

1 


1 

2 


The application of equation (IS) should then give higher predicted 
pressure-drop values than equation (17) when the baffle-exit density 
determines the characteristic state. Satisfactory results were 
obtained (reference 2) when the character! .stic state was determined 
by the stagnation pressure upstream of the cylinder, the stagnation 
temperature downstream of the cyl.inder; and the mass flow of cooling 
air. 
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APPLICATION OF BAFFLE -EXIT DENSITY METHOD 


Two metlioda of applying the one -dimensional flow theory are 
presented in references 1 and 3, hut the use of the baffle -exit 
density method is impracticable because the static temperature at 
the baffle exit is difficult to measure. The stagnation tempera- 
ture at the baffle exit can be measured and if, in the pressure- 
drop coefficient, the true baffle-exit density is replaced by the 
density determined by the static pressure and the stagnation tem- 
perature at the baffle exit, the value of the coefficient will 
closely approximate that obtained by means of one -dimensional flow 
theory. If this density is designated p^, the corresponding Mach 

number and velocity pressure M^ and are given by 





and 



2 


G 



From the previous analysis the new coefficients 
the series ex'pansion given by equation (11), are 


and ^ 2 ^ 



and 


^2 = O.ipg 

The uso of either q, or q^ thus gives the same degree of approx- 
imation to one -d j.mens ional flow theory. 


A simx)le method of predicting the pressure drop baaed on the 
density p.^ can now bo used. In the case where the pressure loss 
at the baffle exit is small, the cylinder pressure drop is simpi.y 


or 



-• P 


3 


P 


“ % 


Ap 


1 


(19) 


V/hen a significant pressure change occurs at the baffle exit, the 
ratio given by equation (l9) will differ from unity. If the assump- 
tion is made that the percentage of the over-all pressure drop which 
occurs at the baffle exit will not change with altitude, equation (19) 
may be expressed generally as 
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Then 



( 20 ) 


p, = Pt - KAp 

The pressure-drop coefficient Ap/q.,, or 2p Ap/G^, is a 

•_) o 

function of the Reynolds n'jjaher. For a given fin-haffle arrange- 
ment, however, the characteristic length is fixed and consequently 
the Reynolds nmber varies only with the mass flow of cooling air 
G and the cooling-air viscosity p ; therefore, if the Reynolds 
number at sea level and at a given altitude are equal, the mass 
flow of cooling air at the altitude condition can be reduced to the 
equivalent mass flow of cooling air at sea level The 

quantity p is the standard sea-lovel viscosity find p is the 
s o 

actual viscosity at altitude or at the condition under which 

pressure-drop computations ar’o made. The pressure-drop coefficient 

Ap/qg may thus be written as 


2P3AP 


G 


2 


= f 



( 21 ) 


The stagnation temperature at the baffle exit is assumed equal 
to the downstream stagnation temperature and is obtained from sea- 
level heat -transfer data. The heat dissipated per pound of cooling 
air is calculated by means of stagnation temperatures (reference 6 ) 
and is given by 


The value of 
of reference 


H = 


c f^r, 



0 :^ 2 ) 


H can also bo expressed in a manner similar to that 
7 as 


H = S /'Tj^ 



(23) 


where S and m are constants determined from sea-level tests. 

The solution of equations (22) and (23) for T 3 gives 

t 



m 

1 h " 

P V 


•1 ^ 


+ T. 


(24) 


which is the value of T -7 at the baffle exit 

^t 


A similar expression will hold for the barrel. 


of the cylinder head. 


The density 


is expressed 
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P3 


^3 “ RT, 


- KAp 
RT, 


The substitution of this relation in equation (21) gives 
2P3AP (Pit 




\^oJ 


(25) 


(26) 


which, when solved for Ap, becomes 


Ap = 



P3^2 . 2KRT3^^ f 


1/2 


(27) 


The value of G is obtained from the basic cooling-correlation 
equation (reference 7) and the viscosity ratio is calculated from 
the average of the cylinder-head or cylinder-barrel temperatures and 
the cooling-air temperature. The coefficient 2p^ Ap/G^ is obtained 
from a sea-level calibration curve based on tests with heat transfer 
and the value of K is also detemined from sea-level data, although 
in most cases K will probably be sufficiently close to unity that 
it may be neglected. The altitude and the pressure rise in front of 
the engine due to the velocity of the airplane determine the va.lue 

of Pi and the pressure drop across the engine can then be evaluated 
■^t 

f r om e quat i on (27). 


APPARATUS AND INSTRUMENTATION 

Test equipment . - The accuracy of the various methods of esti- 
mating the effect of altitude on the relation between the pressure 
drop and the cooling-air weight flow was Investigated on a rear-row 
cylinder from a typical 18-cylinder air-cooled engine equipped with 
standard flight baffles (fig. l) and mounted on a converted multi- 
cylinder crankcase . Front -row b.aiT les were installed upstream of 
the test cylinder to simulate fli{;ht air-flow conditions. The cyl- 
inder was enclosed within an airti^t duct through which cooling air 
was supplied at temperature and pressure conditions ranging from sea 
level to 40,000 feet, Automatic controls in the air-supply system 
malntaimid tho cooling-air conditions upstream of the cylinder within 
to. 05 inch of mercury and within ±4° F of tho dosirod values. The 
quantity of cooling air was measured by moans of an adjustable 
orifice located upstream of tho test section and tho pressure drop 
across tho orifice was indicated by an alcohol-f illod micromanomoter . 
Tho cooling -air weight measurements wore accurate within tl percent. 
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A otrai^t ooction of pipe extondod approximately 10 diameters in 
front of tho c,ylinder. The power developed by the engine was 
absorbed by a dynamometor and an inductor coupled as a unit. 

Cylinder instrumentation . - The cooling-air pressures at tho 
baffle inlet and outlet wore measured with opon-und tubes located 
as shown in fif^iire 2. The tubes had a wall thickness of 0.006 inch 
and an outside diameter of 0.040 inch and were placed midway between 
the fin root and the fin tip. Static pressures, which were taken 
only at the baffle outlet, were measured by open-end tubes placed 
flush with the fin surfaces as shown in figure 2(c). The total- 
pressure and static -pressure tubes at the baffle outlet were located 
in adjacent fin spaces. The pressure drop across tho cylinder was 
indicated by the pressure difference between two static piezometer 
rings located upstream and downstream of the cylinder. Each ring 
consisted of four interconnected taps; cme tap was located in each 
of the four sides of the cooling-air duct. 

The cooling-air temporaturo at the front of the cylinder was 
measured by two iron-constantfui thermocouples located in the center 
of tho cooling-air duct 2^ feet in front of the cylinder. The tem- 
perature of the cooling air leaving tho cylinder was measured by 
shielded iron-constantan thermocouples placed at foixr locations 
behind the cylinder head and at four locations behind tho cylinder 
barrel. Cylinder temperatures were measured by iron-constuntan 
thermocouples peened into the cylinder at 22 places on the head and 
10 places on the barrel. The location of the cylinder thermocouples 
was simil;ir to that shown in figure 7 of reference 8. 


The validity of the one-dimensional flow analyses may be 
established by showing that the coefficients C-i-, and F are 

I'i 

functions of only the Reynolds number and are independent of com- 


be approximately independent of compressibility effects, but the 
extent to which the compressibility effects are eliminated must be 
experimentally demonstrated. An investigation must also be made 
to determine whether, for an actual cylinder, a characteristic Mach 
number can be found that is suitable for use in tho correction 


foregoing methods of estimating pressure drop must also bo determined. 


TESTS AND CALCULATIONS 



factor 



The effect of heat transfer on each of the 
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Tests were conducted to obtain data permitting evaluation of 
the drag and cylinder pressure-drop coefficients over a wide range 
of air flows. 


Tests without heat tronsfer . - Tests were first conducted 
without heat transfer. The flow of cooling air over the cylinder 
head and the cylinder barrel was separately determined by blocking 
each section and causing the air to flow over only the unblocked 
section. The air flow across the flange and the barrel was sepa- 
rated in order that a more accurate value of the mass velocity of 
the cooling air G- might be determined for the barrel without x.he 
f lange . 

The entire cylinder was also blocked to determine the l.eakage 
around the outside of the baffles. In each case the cooling-air 
weight, the pressure and the temperature at the front of tho cyl- 
inder, the pressure at the roar of the cyl.lnder, and the pressures 
at the baffle inlet and at tho baffle outlet of the unblocked sec- 
tion of the cylinder were measured. These tests were conducted at 
density altitudes corresponding to sea level, 15,000 feet, 

30,000 feet, and 40,000 feet based on Army standard siummer-air 
temperatures. 


Tests with heat transi'er . - Tests at these same altitudes were 
conducted at four engine powers. In addition to the measurements 
taken during the tests without heat transfer, the cooling-air tem- 
perature at the rear of the cylinder was recorded. Because the 
distribution of the cooling-air between the cylinder head and the 
cylinder barrel could not be determined, the total cooling-air flow 
over the entire cylinder was measured. 


C alculations (data without heat transi'er) . - The evaluation of 
the drag coefficient Cj).. . requires that the state of the cooling 

air at the baffle inlet and outlet be knom. For tests without heat 
transfer the val-ues of were found from equation (5) which can 

bo more conveniently written as 


2 P 2 (P 2 - P 3 ) 


Gc 



(iiB) 


The values of G for the cylinder head tind the cylinder barrel 
were calculated from the measured cooling-air weight and the free- 
flow Eirea of the fin-baffle passage. The density at tho front of 
the cylinder was determined from the measured pressure and tempera 
turo at that point and tho pi-essuro pg was then obtained from 
equation (lb). The temperature at the baffle inlet followed from 
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the isentroplc temperature -pressure relation and the density 

was evaluated from the values of p^ and T2. Experimental values 


were used for p^. The density ratio P2/P3 and Cj), were then 

^ i 

evaluated by means of equation (28) and the curves of figure 5 in 
reference 1. 


In reference 3, the calculation of the pressure drop across the 
cylinder was simplified by evaluating the pressure drop exactly by 
means of equations (lb), (3), and (4) and then plotting the ratio 
^p/Pl 3-s O' function of its value at low Mach numbers 





Curves of this type, using AT/Tq^ and F as parameters, are given 

in figure 10 of reference 3. The coefficient F was determined from 
those curves for known values of Ap, , and T^^ . The 

cooling-air temperature rise AT was zero for the tests without heat 
transfer. 


The pressure-drop coefficient Ap/q^, or 2 p^ Ap/o^, was 
evaluated from measured values of G, Ap, p^, and T-j_ ; the tem- 
perature Ti was used instead of T, for the data without heat 
transfer. ^ 


The characteristic Mach number factor P^^yl - M^^ was evalu- 
ated from measured values of G, pj^ , Tj_ , fiid the curves of fig- 
ure 2 in reference 2. t t 

Calculations (data with heat transfer) . - The coefficients Cjj^, 

and F could not be directly determined for the data with heat tranL 
fer because the air flow over the head and the barrel could not be 
individuallj’- measured. The pressure-drop coefficient Ap/q. , how- 
ever, was evaluated for the cylinder as a whole; the stagnation tem- 
perature at the rear of the cylinder was used for T^ . 

•^t 

In order to examine still further the effect of heat transfer, 
the pressure drop required with heat transfer at altitude was calcu- 
lated by each method except the one utilizing the characteristic 
Mach number. A method of successive approximations was used to deter- 
mine the distribution of cooling air across the head and the barrel. 
The distribution was first assumed to be the same as that found in 
the tests without heat transfer and corresponding values of pre.ssure 
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drop across the head and the barrel were calculated by equations (s), 
(7 ), and (9 ). The experimental pressure drops across the head and 
the barrel were the same and therefore any difference In the calcu- 
lated values was assumed to result from a change in the cooling-air 
distribution obtained from tests without heat transfer. A correction 
to the air distribution was made by adjusting the assumed barrel air 
flow until the pressure drop across the barrel agreed with that for 
the head. 

Pressure -drop predictions by means of the method baaed on the 
static pressure and the stagnation temperature at the baffle exit 
were made from equation (27), 

RESULTS AND DISCUSSION 
Evaluation of Data 

The usual manner of calibrating the air flow over the head and 
the barrel of a cylinder consists in plotting the cocling-alr weiglit 
flow against the product of the cooling-air pressure drop and the 
ratio of the mean entrance and exit density to the standard sea-level 
air density. Curves of this type were determined (fig. 3) for sev- 
eral altitudes with data obtained without heat transfer. Tho wide 
systematic variation indicates that a sea-level calibration of this 
tyj:)e cannot be used accurately at any altitude beyond the value of 
pressure drop at which the deviation from the sea-level curve is 
significant. The divergence of the altitude curves will increase 
with the addition of heat. Similar comijressibility effects were 
observed in the tests of reference 2. The methods that account for 
these compressibility effects may be evaluated by observing whether 
the data for all altitudes fall on one curve or, more precisely, if 
the drag or pressure-drop coefficients used are functions of only 
the Reynolds nvunber. An uncorrected compressibility effect exists 
if, in the plot of drag 01- cylinder pressure-drop coefficient against 
Reynolds number (proportional to Gpg/pQ), the altitude data at high 
air flows indicate a rising curve. The greater the deviation of this 
rising curve from the sea-level curve the greater is the inaccuracy 
in the method of correction. 

One -dimensional flow processes (without heat transfer) . - The 
relation between and the corrected mass flow of cooling air 

(proportional to tho chfiracteristic Reynolds number) shows no defi- 
nite trend with altitude (fig. 4) and is therefore considered inde- 
pendent of compressibility effects. The curves on this and subse- 
quent figures are drawn through the sea-level data. The dispersion 
of the data at hi£^ values of air flow across the cylinder head is 
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explained by the unsyametrical fin passages on the head. The 
friction-drag coefficient based on the raean of the d^nanic 

pressures at the baffle ends, can be evaluated more accurately when 
the exit conditions arc uniform, as on the cj^linder barrel, than 
when they are exceedingly nonuniform due to iinsjamnetrical fin pas- 
sages, as on the cylinder head. 

The data points for the coefficient of pressure change across 
the baffle exit C3 - a5 scatter somewhat (fig. 5) for both the 
cylinder head and the cylinder barrel but the values are small com- 
pared with the baffle pressiare-drop coefficients and ma^.' be neglected 
for the cylinder head. The relative magnitude of the pressinr’e loss 
across the fin-baffle passage of the barrel and across the entire 
cylinder may be seen by plotting tlie ratio T)-] - P'j/hp against 

hp/pi^ as was dons in figure 6. The pressiure loss across the bar- 
rel baffle exit is about 10 percent of the entire cylinder pressure 
loss and therefore cannot be neglected in accura.te calculations 
involving this particular cylinder barrel. Because the exit loss 
is a small part of the entire loss, moderate inaccuracies in the 
exit coefficient will have only a slight effect on the over-all 
pressure-loss coefficient. The sum of the pressure loss coefficients 
for the entrance process, the baffle flovr process, and the exit iDroc- 
cess gives the over-all pressure-loss coefficient (reference 2) as 


2 ^ - 1 + Cp^ + (C3 - a3) (2S) 

-^1 

where the exit coefficient given by equation (9) is used in place of 
the coefficient given by equation (8). The variation of the over-all 
pressure -loss coefficient with the corrected mass flow of cooling -air 
is shown in figure 7 for the cylinder head and the cylinder barrel. 

Tne correlation of the pressure -loss coefficients is satisfactory for 
all altitudes although a slight uncorrccted compressibility effect 
for the cylinder head appears at 30,000 feet. This slight" discrepancy 
may be neglected inasmuch as the effect does not annear at an altHude 
of 40,000 feet. 

In the application of the one -dimensional flow analysis assuming 
uniform heat addition (reference 3), the value of the pressure -drop 
coefficient F is derived from the over-all pressiire drop instead of 
the pressure drop across the baffle passage; consequently, when there 
is no heat transfer an equality exists between the over-all pressure - 
loss coefficient 


= 1 + f 
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and the over-all preasiare-loss coefficient of equation (29) . This 
observation is substantiated by comparing the relation between the 
coefficient 1 4 - F and the corrected mass flow of cooling air 
(fig. 8) with the similar relation for the coeff ic lent 

1 ^ Cj. 4- (C- - a^) (fig. 7 ). 

^i 


Density -correction method (without heat transfer) . - The 
pressure -loss coefficient baaed on the density determined by the 
static pressure and the stagnation temperature at the baffle exit 
is clotted against the corrected mass flow of cooling air in fig- 
ure 9. The similarity between the relations shown in figures 7, 8, 
and 9 substantiates the relation given by equation (13). which 
showed that without heat transfer the pressure-loss coefficient 
2 p„ Ap/g^ Is very nearly 1 4 - Cj)^ . Therefore^ when the baffle- 


'3 


exit coefficient is small, the density correction based on the static 
pressure and the stagnation temperature at the baffle exit provides 
a very close approximation to either of the one -dimensional flow 


methods . 


The pressure -drop coefficient based on the downstream density 
was evaluated and is plotted in figure 10 to demonstrate the effect 
of the baffle-exit coefficient on correlating altitude -pressure -loss 
data. Because the pressure change across the baffle exit of the 
cylinder head is negligible, the results for the head are nearl;/ 
identical with the density correction of figure 9. A measurable 
change of state takes place at the baffle exit of the cylinder barrel 
and the use of the downstream density overcorrects for the compress- 
ibility effect. The additional loss at the exit, however, can be 
accounted for by the use of the factor K in equation (27). 

Characteristic Mach number (without heat transfer) . - The 
incompressible -flow pressure-drop coefficient 2 Ap/G^ 

was evaluated by means of the upstream stagnation pressure and the 
downstream stagnation temperature a.nd is plotted in figure 11 against 
the corrected mass flow of cooling air. The lack of correlation of 
the altitude data clearly shows that the effect of compressibility 
has not been eliminated. 


A method of trial and error is required to determine the char- 
acteristic state that insviros satlsfactor;/ application of the Mach 
number correction factor. The state determined by the upstream 
stagnation pressure and the downstreaia stagnation temperature, which 
gave good results in the tests of reference 2, does not appear to be 
generally' applicable to all types of fin-baffle arrangement. Evalua- 
tion of the present data using various characteristic states gave 
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results that varied from those sho-^m in figure 11 to a coaolete 
inversion of the same figure in vhich the compressibility effects 
were over compensated. It must be concluded therefore that this 
type of correlation is not general3.y practical because of the diffi- 
culty in determining the characteristic state. 

Auplication of methods to flow with heat transfer. - Because 
separate measurement of the cooling -air flow over the head and the 
barrel was impossible for the tests with heat transfer^ the coef- 
ficients and F could not be evaluated. The combined flow 

over the head and the barrel was, however, obtained and used to show 
the effect of heat transfer on the pressure -drop coefficient based 
on the density determined by the average static pressure and the 
stagnation temperature at the baffle exit. The data were also eval- 
uated by means of the downstream density. The average pres sure -droi’ 
coefficients for the cylinder head and barrel combined are plotted 
in figure 12 as a fijnction of the corrected average mass velocity of 
cooling air and are compared with the results without heat transfer. 
Except for the small compressibilitj'’ effect for high air flows at 
30,000 and 40,000 feet, which is evidenced by the slight upward 
trend of the data, fig'ore 12(a) indicates that the pressure-drop 
coefficient based on the static p)ressure and the stagnation temper- 
ature at the baffle exit is independent of both altitude and wide 
variations in heat transfer. The pressure -drop coefficient based 
on the downstream density (fig, 12(b)) also appears to be unaffected 
by wide variations in heat transfer but, because of the pressure loss 
at the baffle exit of the barrel, the data for 30,000 and 40,000 feet 
fall below that at 15,000 feet and sea level at high air flows. The 

maximum spread of the data at 40,000 feet is lii percent. 

2 

The average cylinder pressiore-drop coefficient based on the 
average static press'jre and the stagnation temperature at the baffle 
exit of the cylinder was evaluated for the data without heat transfer 
(fig. 12(c)) and the mean relations with and without heat transfer 
are compared in figure 12(d). A comparison of fig-ares 12(a) and (c) 
shows an increased compressibil-ity effect at 40,000 feet resulting 
from the addition of heat. The primary effect of heat transfer, how- 
eyer, was to raise the level of the pressure -drop coefficient; the 
<iiff®^6nce between the coefficients with and without heat transfer 
became greater at low mass flows. The difference is much larger 
than predicted by equation (14). It ap>pears that the increase in 
the^ pressure -drop coefficient occurs abruptly and that additional 
heating effects do not occur beyond 'bhe point of transition. The 
transition apparently results at engine conditions below noimal 
operation and therefore is of no significance in practice. 
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Comparative Accuracy of Correction Methods 

The effectiveness of each method of estimating the cooling-air 
pressure drop without heat transfer was evaluated by determining 
from figures 7 to 10 the percentage deviation of the altitude data 
from the sea-level calibration. Only the cylinder head was consid- 
ered because it is usually the critical part. Points were taken at 
values of dp/p]^ = 0.2. 0.3, 0.4, and 0.5. T he met hod based on 

the characteristic Mach number correction yl. - was not eval- 

uated because of the obvious lack of correlation shown by figure 11. 
The results are presented in the following table; 


PERCENTAGE DEVIATION FROM SEA-LEVEL CALIBRATION 
j+ above sea-level curve; - below sea-level curve)] 


Altitude 

(ft) 

One “dimen- 
sional flow 
method based 
on F 

One -dimen- 
sional flow 
method based 
on Cjj^ 

Density method 
based on static 
pressure and 
stagnation tem- 
perature at 
baffi.o exit 

' 

Densi.ty method 
based on down- 
stream density 



sp/flj - 

o'. 2 


15,000 

f6.0 

4-6.6 

+-5.4 

4-5.3 

30,000 

+•2.9 

+•2.8 

0 

0 

40,000 

+-2.2 

-4.3 

--7.0 

-4.4 



AP/Pi^ • 

0.3 


30,000 

+-6.3 

+-6.9 

+-6.3 

+-8.1 

40,000 

f2.8 

0 

-1.7 

-1.1 



Ap/Pi^ = 

0.'4 


30,000 



+-8.7 

+•9.3 

+-11.0 

40 , 000 


0 

0 

-4 .4 



li 

-P 
1 — 1 

l<3 

i 

0.5 


30 , 000 j 


4-9.9 

+-11.1 

+•12 . 7 

40,000 1 


0 

0 

-5.0 


At 30,000 feet all methods show a systematic increase in the 
d-svlation from the sea-level curve as the value of increases. 

At 40,000 feet, the density correction methods and the one -dimensional 
flow methods are equally accurate for all. values of consid- 

The results for the method assuming uniform heat distribution 


ered, 


— — V Am/ I* ^ mImX Xi.c XX w CX O LCJOXX 

were extended only to Aiyp^_^ = 0.3^ which was approximately the 
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maximum value used in the curves of reference 3. It appears^ how- 
ever^ that this method vill he applicable over the same range as 
the other methods. Estimates of pressure drop can therefore he 
made vith the same accuracy hy either the density correction or the 
one -dimensional floir methods. 


A further comparison of the methods of estimating cooling-air 
pressure drop was made for tests with heat transfer hy comparing 
the experimental pressure -drop data with pressure -drop values for 
similar cooling-air and engine conditions calculated with calibra- 
tion curves obtained without heat transfer. For each method of 
predicting pressure drop the calculations were made at altitudes of 
15^000 and 40^000 feet and at a cylinder brake horsepower of 56 to 
determine the pressure drops corresponding to given weights of 
cooling air flowing over the cylinder. The mass flow of cooling 
air was corrected for variation in viscosity caused by the addition 
of heat. The magnitude of the temperatiure rise across the cylinder 
at the p)Ower used in the calculations is shoT-m in figure 13. Cal- 
culations were also made from the calibration curve of figure 3^ 
which is based on the average cooling -air density across the engine. 
For this method an eq.uation of the form 


W = C (oAp) 


n 


(30) 


vas used. Tlae values of C and n were deteriained from the sea- 
level curve of figiire 3; consequently, equation (30) can be witten 


^’^h+b = 0.406 (Og^^ Ap) 


0.517 


(31) 


where 




is the combined air flow over the head and the barrel. 


The comparison of experimental and calculated results (fig. 14) 
shows that the experimental pressure -drop values are 10 to 15 percent 
higher tlian those calculated by any of the methods . The calculations 
were made with the curves of rjres sure -drop coefficients obtained from 
the testa v^ithout heat transfer. The results are the same as those 
indicated in figure 12(d). More accurate estimates of pressure drop 
can be made if the pressure -drop coefficients are obtained from curves 
based on tests with heat transfer. This observation was verified by 
calculating the pressiire drops from the heat -transfer curve of fig- 
ure 12(d). A comparison of the calculated pressure drops with the 
experimental results (fig. 15) shows that the agreement is good. 


Similar results are to be expected if C 


Dfi 


and F are obtained 


from heat -transfer data. Accurate pressure -drop predictions can 
therefore be made by either of the one -dimensional flow methods or 
by the density correction method given in equation (27) if the 
pressure-drop coefficients are determined from sea-level tests with 
heat tx-ansfer. 
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Figure 15 further substantiates the accuracy of the density 
method of predicting pressure loss across an air-cooled cylinder at 
altitude. This method has the advantage of simplicity over the 
methods derived from one -dimensional flow theory. 


SUMiAEY OF RESULTS 

A comparison of methods of predicting the compressible -flow 
pressure loss across a baffled, air-cooled cylinder and the evalua- 
tion of these methods by test data gave the following results: 

1. The methods based on the density determined by the static 
pressure and the stagnation temperatiire at t:ie baffle exit and the 
characteristic Mach number were shown by anali^sis to be close approx- 
imations to the methods derived by one -dimensional flow theory. 

2. The experimental results obtained without heat transfer 
showed that the density method based on the static pressure and the 
stagnation temperature at the baffle exit and the methods derived 
by one -dimensional flow theory sufficiently eliminated the compress- 
ibility effects for the flow across both the head and the barrel of 
the cylinder tested. The use of the characteristic Mach number was 
found impractical because of the difficulty encountered in deter- 
mining the characteristic state. 

3. The pressure change across the baffle exit was negligible 
for the cylinder head but amoimted to approximately 10 percent of 
the total pressure loss for the cylinder barrel. 

4. Tile use of the density at the rear of the cylinder for the 
cylinder tested was satisfactory for the cylinder head but was 
slightly in error for the cylinder barrel. 

5. The tests with heat transfer showed that the cylinder 
pressure-drop coefficient increased as a result of the addition of 
heat. The difference between the pressure-drop coefficients deter- 
mined with and without heat transfer became greater as the mass flow 
of cooling air decreased. The difference was much greater than that 
predicted from one -dimensional flow theory. 

6. Because of the unaccountable effect of heating, the use of 
the pressure -drop coefficients found from tests without heat trans- 
fer to predict pressure -drop requirements over a wide range of air 
flow at 15,000 and 40,000 feet for a given engine power resulted in 
an underestimation of the pressure drop by 10 to 15 percent. Pre- 
dictions differing less than 10 percent from the experimental results 
were made by using the pressure -drop coefficients obtained from tests 
with heat transfer. 
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CONCLUSIONS 

1. In order to make acciurate compressible -flov pressure -drop 
predictions with the methods given in this report^ the cylinder 
pressure -drop coefficient should be evaluated from tests with heat 
transfer. 

2. The cylinder pressvire-drop coefficient based on the static 
pressure and the stagnation temperature at the baffle exit can be 
used to make compressible -flow pressure -drop predictions with the 
same accuracy as the methods derived by one -dimensional flow theory. 


Aircraft Engine Research Laboratory, 

National Advisory Committoe for Aeronautics, 
C.leve.land, Ohio, October 9, 1945. 
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Figure 4* - Variation of f r i et ion-drag coefficient 
Cq^ with corrected mass flow of cooling air; data 

without heat transfer. 
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Figure 6. - Relation between pressure loss across fin-baffle passage of cylinder 
arrel and pressure loss across entire cylinder; data without heat transfer- 
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Figure 7. - Variation of over-all pressure-loss 
coefficient with corrected mass flow of cool- 
ing air for on e- d I men s I on a 1 flow method assum- 
ing uniform dynamic pressure rise along fin- 
baffle passage; data without heat transfer. 
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Figure 8. - Variation of over-all p res sure- 1 oss 
coefficient with corrected mass flow of cool- 
ing air for one-dimensional flow method assum- 
ing uniform temperature rise along fin-baffle 
passage; data without heat transfer. 
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Figure 9. - Variation of p res su re- I os s coef- 
ficient based on static pressure and stag- 
nation temp era tu re at baffle exit with 
corrected mass flow of cooling air; data 
without heat transfer. 
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Figure 10. - Variation of p res su r e- I o s s coef- 
ficient based on downstream density with cor- 
rected mass flow of cooling air; data without 
heat transfer. 
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Figure II. - Variation of pressure- I oss coef- 
ficient based on characteristic Mach number 
with corrected mass flow of cooling air; data 
without heat transfer. 
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<c) Based on static pressure and stag- 
nation temperature at baffle exit; 
data without heat transfer. 


(d) Comparison of p ressu re-drop coeffi- 
cients based on static pressure and 
stagnation temperature at baffle exit 
with and without heat transfer. 


Figure 12. - Pressure-d rop coefficients for combined head and barrel determined with and without 
heat transfer. 
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Figure 14. - Comparison between experimental and calculated pressure 
drops; calculations based on pressure-drop coefficients obtained 
from test data without heat transfer. Cylinder brake horsepower, 56. 
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Figure 15. - Comparison between experimental pressure drops and pressure drops 
calculated by density method based on static pressure and stagnation temperature 
at baffle exit; pressure-drop coefficients obtained from tests with heat trans- 
fer. Cylinder brake horsepower, 56. 


